Abstract-In this paper, two radiation pattern-reconfigurable antennas are designed to operate near the frequency of 1.8 GHz. The geometry of the proposed antennas is symmetric with respect to the vertical center line. The electrical shapes of the antennas are composed of a monopole-loaded loop and an open wire. The open wire functions as either a director or reflector for the two antennas. Depending on the switching state, the antennas can select between two beam directions with no input impedance difference. The sizes of each antenna are then optimized to achieve beam switching capability using PIN diodes and FETs. The reflection coefficients and gain patterns for two bias conditions using both switches are measured and compared with the simulated results. The measured results show that the proposed antennas can clearly alternate their beam directions using the switching components.
INTRODUCTION
Reconfigurable antennas, which offer diverse functions in frequency, radiation pattern, or polarization, have received significant attention in wireless communications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Among these functions, alternating the antenna beam patterns may be especially useful because steering a beam toward the intended direction can avoid multi-path fading and interference in urban and indoor environments. Several antenna designs have been proposed in attempts to realize radiation pattern reconfiguration. In most radiation pattern-reconfigurable antennas found in literature, the antenna operating frequency varies as the radiation patterns are alternated [15] [16] [17] , due to the fact that the geometry of the antenna varies for each switching state. In contrast, the antenna introduced in [3, 18] maintains its operating frequency while switching the radiation pattern. These antennas utilize parasitic elements such as a director and a reflector for pattern reconfiguration while the electrical shape of the driven element remains the same; thus, the input impedance remains stable for every switching state. However, the size of these antennas may be too large (∼λ/2) to be practical in mobile applications. As more compact and lighter devices are necessary in recent wireless applications, the size of the antenna may be another important issue [2, 19] .
In this paper, two types of radiation-pattern reconfigurable antenna that can symmetrically alternate their beam directions are proposed. The proposed antennas are electrically compact and can select beam directions while maintaining essentially the same input impedance. The remainder of this paper is organized as follows. In Section 2, the operation mechanism of the proposed antennas is explained based on the fundamental structure. The structures are composed of a loop and an open wire; the open wire is shown to serve as either a director or a reflector for both types. In Section 3, the antennas are practically designed by replacing the lower portion of the fundamental structure with the ground and equipping the antennas with tunable switching devices. In Section 4, the antennas are implemented such that they operate over DCS 1800 frequency bands [20] and their performance measured. The simulated and measured results are in a good agreement, showing beam pattern reconfigurability.
FUNDAMENTAL STRUCTURE OF THE PROPOSED ANTENNA
Figures 1(a) and (b) show the fundamental structures of the proposed antenna. The antennas are each composed of a dipole and two bracket-shaped wires; the switches are located at the top and bottom ends of both wires. Depending on the switching state, only one wire is connected to the dipole to form a loop and the other wire is disconnected. As shown in Fig. 1(c) , a loop can be decomposed into loop and dipole modes [21] . For loop mode, the current I l is anti-symmetric with respect to the vertical center (amplitudes are the same, but phases are different by on either side). On the other hand, the dipole mode current I d is symmetric with respect to the vertical center. Since the total current I is represented by I = I l + I d , the total radiated field can be obtained by superposing the two modes fields. The strengths of the radiated fields in the +x and the −x directions are . When the open wire is split into two segments, which are shorter than the vertical length of the antenna, the radiation pattern becomes almost analogous to that of the loop with no open wire. Thus, in this case, the two open wires cannot be regarded as a reflector. In summary, the radiation patterns in Fig. 2 show that a directive radiation pattern can be obtained by placing a wire near a loop. The electrical shape of the loop and wire can then be flipped about the vertical center axis using switching elements near the top and bottom centers of the antenna. Thus, the geometries in Fig. 1 can choose between the two beam directions. Figure 3 illustrates the two proposed antennas in practical structures. The lower halves of both the antennas are replaced by a rectangular copper plate, which functions as the ground for both the RF and DC signals. These structures are more practical than the fundamental structures for two reasons. First, the size of the antennas is significantly reduced. Although the ground contributes to the radiation to a certain extent, it can be used to incorporate other circuit components. Thus, the area occupied by the antenna is only the upper portion of the fundamental structure. Second, in the practical structures, no baluns are necessary when the antennas are fed by an unbalanced source terminal since the grounded terminal is connected to the antenna ground. Note that in Fig represent the DC switch control voltage and the RF signal, respectively. The DC control voltage is obtained using a 1.5 V battery. By adjusting the direction of the battery connection, V c can be either +1.5 V or −1.5 V. Note that in order to prohibit the DC current from flowing into the RF measurement system, the RF signal is connected to a DC block, which is omitted in Fig. 4 . For antennas with PIN diode switches, both the DC control voltage and RF signal are simultaneously applied to the monopole in the center. Because the diodes are aligned in the same direction, only one diode is turned on depending on the DC voltage sign. In contrast, the DC control voltage is provided through separate control lines for antennas with FET switches, each connected to the gate of an FET. The control lines are loaded with a 500 Ω resistor, which suppresses the induced current on the line at the RF frequency in order to minimize the disturbance. Because the gate draws essentially no current, the DC power loss due to loading is negligible. Note that at the source of each FET, a 0.3 pF chip capacitor is connected in series; such a connection reduces the off-state capacitance, thereby allowing the antenna to operate at higher frequencies.
PRACTICAL DESIGN OF FUNDAMENTAL STRUCTURE
Since both types of switches used in this research are far from perfect, especially when operated at microwave frequencies, non-ideal effects of the switches are equivalently represented corresponding to both on and off states using linear circuit models. Fig. 5 shows the equivalent linear circuit models of the PIN diode and FET [22, 23] .
Based on these models, a series of simulations is then performed to choose the dimensions of the two antennas controlled by the switches. The dimensions of the proposed antenna are determined such that the antenna has a large gain-bandwidth product and a sufficient front-toback ratio (FBR). The FBR is defined as follows:
In this paper, the minimum-allowable FBR is set at 4.8 dB, which corresponds to a linear ratio of 3. The detailed dimensions of the proposed antenna with PIN diode and FET are represented in Table 1 .
IMPLEMENTATION AND MEASUREMENT
The antennas are implemented and characteristics measured through experiments. figure indicates that the measured results agree well with the simulated results. Moreover, the measured results for the two switching states are observed to be essentially identical to each other, suggesting that the antenna preserves its input impedance, irrespective of the switching state. The 6 dB bandwidths are all measured to cover the DCS 1800 frequency band; the simulated and measured bandwidths are tabulated in Table 2 . Table 3 .
Note that in the proposed antenna, the operation as a loop mode may induce cross polarized radiation. In the simulated results, the minimum cross polarization discriminations are more than 11.41 dB, 2.49 dB, 3.46 dB, and 1.18 dB within the 3 dB beam width for directortype antenna with PIN diodes, reflector-type antenna with PIN diodes, director-type antenna with FETs, and reflector-type antenna with FETs, respectively. Thus, if such a cross polarized radiation leads to a problem in wireless communication systems, the director-type antenna with PIN diodes becomes regarded as the most suitable type. Typically, semiconductor switches in the antenna have negative effects on the antennas radiation performance [25] . Ideally, the radiation efficiency of an antenna with switching devices should be the same as the antenna with hard-wired on/off switches. However, in reality, the finite resistances of the on and off-state switches lead to increased power consumption and thus deterioration in the antenna efficiency. Table 4 shows the computed antenna efficiency when the switch's on or off state resistances are idealized. In the table, the antenna efficiency used in this paper is defined as the conduction- dielectric efficiency
where R r is the radiation resistance, and R L is the loss resistance [26] . The table shows that the ohmic losses dissipated by the on and off-state resistances range from 1.1-6.4%, and 7.9-10.8%, respectively. This result implies that the antenna efficiency could be increased by 9.4-15.3% by utilizing the ideal switches (0 Ω for on and ∞ Ω for off). Note that due to the loss from the substrate, the efficiency of the antennas for both types with ideal switches is observed to be imperfect, ranging from 81.4 to 88.0%. Presently, micro-electro-mechanical switches (MEMS) may be the closest to ideal switches among tunable switching devices that can be used in mobile communications since they offer relatively lower power dissipation, being implemented in smaller packages [27, 28] . In particular, capacitive-type MEMS switches show especially low ohmic losses, which may result in a significant increase in the antenna efficiency [29] . However, the reliability of the MEMS switches remains a problem [30] . In addition, managing the bias network including the DC control lines is another important issue since an inadequately-located bias network may weaken the beam pattern reconfiguration. When using PIN diodes, the DC control signal is supplied in combination with the RF signal, thereby minimizing the effect originating from the bias network. Thus, in this case, the performance of the DC blocking device becomes critical in radiation efficiency. On the other hand, when using FET switches, separate control lines are required. As the bias lines used in the proposed antennas are loaded with a 500 Ω resistor, they have advantage of being electromagnetically transparent, minimizing the radiation pattern disturbance. Lastly, in view of power management, FET switches are more advantageous than PIN diodes since the FETs draw essentially no DC current, while PIN diodes draw DC current to switch into the on state, increasing battery power consumption.
CONCLUSION
In this paper, two types of symmetric beam pattern-reconfigurable antennas were designed to operate over DCS 1800 frequency bands. 
